Some new platinum(II) complexes have been prepared, of general formula trans-[PtCl 2 (PPh 3 ){NH(Bu) CH 2 Ar}], where the dimension of the Ar residue in the secondary amines has been varied from small phenyl to large pyrenyl group. The obtained complexes, tested in vitro towards a panel of human tumor cell lines showed an interesting antiproliferative effect on both cisplatin-sensitive and -resistant cells. For the most cytotoxic derivative 2a the investigation on the mechanism of action highlighted the ability to induce apoptosis on resistant cells and interestingly, to inhibit the catalytic activity of topoisomerase II.
New trans dichloro (triphenylphosphine)platinum(II) complexes containing N-(butyl),N-(arylmethyl)amino ligands: Synthesis, cytotoxicity and mechanism of action human tumor cell lines and our results showed that a higher antiproliferative activity could be observed in the case of trans compounds and L = R 2 NH. In particular, the highest antiproliferative activity was observed for L = NH(CH 2 CH 2 OH) 2 and the investigation about its mechanism of action highlighted the capacity to affect the mitochondrial functions, 4c with a mode of action different from cisplatin. Moreover, its interaction with a phospholipid bilayer, used as a model of the cellular membrane, proved to be different from that of cisplatin, 5 suggesting that even the mode of crossing the cellular membrane could be different.
In this contest and with the aim of expanding knowledge about structure-activity relationship, we prepared four new platinum(II) complexes, of general structure trans-[PtCl 2 (PPh 3 ){NH(Bu)CH 2 Ar}], where the dimension of the aromatic residue on the secondary amines was varied (Ar = Phenyl, 1-Naphthyl, 9-Anthracenyl, 2-Pyrenyl).
In addition, trans-[PtCl 2 (PPh 3 )(p-Tolu)] (p-Tolu = 4-methylaniline) was prepared, as a model devoid of the CH 2 spacer between the aromatic moiety and the coordinated nitrogen.
In the present work, we report the synthesis and characterization of the secondary amines ArCH 2 NHBu and of the corresponding trans-platinum(II) complexes, together with the antiproliferative activity towards a panel of tumor cell lines, both sensitive and resistant to cisplatin. For the most interesting complex, the study on the mechanism of action is reported. In particular, the death pathway on resistant cells was analyzed by flow cytometry and moreover, the binding to salmon testes DNA and the effect on cell cycle were determined in comparison with cisplatin. Finally, the ability to interfere with the catalytic activity of the nuclear enzymes topoisomerase I and II was investigated.
Materials and methods

General experimental conditions
All manipulations were performed under a dinitrogen atmosphere, if not otherwise stated. Solvents and liquid reagents were http://dx.doi.org/10.1016/j.bmc.2016.04.067 0968-0896/Ó 2016 Elsevier Ltd. All rights reserved. dried according to reported procedures. 6 1 H, 13 )]. The solution was cooled (0°C) and an excess of NaBH 4 ([NaBH 4 ]/ [ArCHO] = 2.5/1 mol/mol) was added in small portions. When the vigorous evolution of dihydrogen ceased, the mixture was warmed (25°C) and stirring was continued (10 h). Ethanol and excess BuNH 2 were evaporated under reduced pressure, water was added and the aqueous solution was extracted in Et 2 O (3 Â 100 mL). Organic extracts were washed with water (3 Â 30 mL) and dried over anhydrous Na 2 SO 4 , then solvents were evaporated under reduced pressure. For each amine prepared the purification method, the percentage isolated yield and the spectroscopic characterization are reported. Pt NMR: À3614 ( 1 J Pt-P = 3773 Hz).
Inhibition growth assay
HeLa (human cervix adenocarcinoma) were grown in Nutrient Mixture F-12 [HAM] (Sigma Chemical Co.); H460 (large cell lung carcinoma) and MSTO-211H (human biphasic mesothelioma) were grown in RPMI 1640 (Sigma Chemical Co.) supplemented with 2.38 g/L Hepes, 0.11 g/L pyruvate sodium and 2.5 g/L glucose; A2780 (human ovarian carcinoma) and A2780cis (human ovarian carcinoma cisplatin-resistant) were grown in RPMI 1640 (Sigma Chemical Co.). 1.5 g/L NaHCO 3 , 10% heat-inactivated fetal calf serum (Invitrogen), 100 U/mL penicillin, 100 lg/mL streptomycin, and 0.25 lg/mL amphotericin B (Sigma Chemical Co.) were added to the media. The cells were cultured at 37°C in a moist atmosphere of 5% carbon dioxide in air. Cells (2.5-3 Â 10 4 ) were seeded into each well of a 24-well cell culture plate. After incubation for 24 h, various concentrations (from 0.25 to 20 lM) of the test agents were added to the complete medium and incubated for a further 72 h. Stock solutions of new complexes were made in dimethylsulfoxide at 5 mM concentration and then diluted with complete medium in such a way that the final amount of solvent in each well did not exceed 0.5%. Cisplatin was dissolved in 0.9% NaCl. A Trypan blue assay was performed to determine cell viability. Cytotoxicity data were expressed as GI 50 values, i.e., the concentration of the test agent inducing 50% reduction in cell number compared with control cultures.
Evaluation of apoptotic cell death by Annexin V-FITC and propidium iodide staining
To detect phosphatidylserine translocation from the inner face to the outer surface of plasma membrane, a FITC Annexin V Apoptosis Detection Kit I (BD Pharmigen) was used.
A2780cis cells (2.0 Â 10 5 ) were seeded into each cell culture plate in complete growth medium. After incubation for 24 h the test agents were added at the indicated concentrations and cells were incubated for a further 18 h. After treatment, cells were centrifuged and resuspended at 10 6 cells/mL in binding buffer. Cell were seeded into each cell culture plate in complete growth medium. After incubation for 24 h the test agents were added to the complete medium at the indicated concentrations and cells were incubated for a further 18 h. After treatment, 300-500 Â 10 3 cells were fixed in 70% iced-cold ethanol at À20°C for 20 min and then washed twice with phosphate buffered saline. Cells were incubated with 0.1 mg/mL RNAse and 36 lg/mL PI at room temperature for 20 min and the analysis was performed using a FACSCanto II flow cytometer (Becton-Dickinson, Mountain View, CA).
Nucleic acids
Salmon testes DNA was purchased from Sigma Chemical Company. The DNA concentration was determined using extinction coefficient 6600 M À1 cm À1 at 260 nm. pBR322 DNA was purchased from Fermentas Life Sciences.
Quantitative platinum and phosphorus analysis
The quantitative platinum and phosphorus analyses were performed according to a previous established method. 12 Briefly, an aqueous solution of salmon testes DNA (9 Â 10 À4 M) was incu- 
DNA topoisomerase relaxation assay
Supercoiled pBR322 plasmid DNA (0.25 lg) was incubated for 30 min at 37°C in 20 lL reaction buffer containing test compound dissolved in DMSO (0.5 lL) at indicated concentrations, then 1 U topoisomerase II (USB Corporation) or 2 U topoisomerase I (Topogen) were added and reactions performed for further 60 min at 37°C.
Reactions were stopped by adding 4 lL stop buffer (5% SDS, 0.125% bromophenol blue and 25% glycerol), 50 lg/mL proteinase K (Sigma) and incubating for a further 30 min at 37°C. The samples were separated by electrophoresis on 1% agarose gel at room temperature. The gels were stained with ethidium bromide 1 lg/mL in TAE buffer, transilluminated by UV light, and fluorescence emission was visualized by a CCD camera coupled to a Bio-Rad Gel Doc XR apparatus.
Topoisomerase II-mediated DNA cleavage
Reaction mixtures (20 lL) containing 10 mM Tris-HCl (pH = 7.9), 50 mM NaCl, 50 mM KCl, 5 mM MgCl 2 , 0.1 mM EDTA, 15 lg/mL bovine serum albumin (BSA), 1 mM ATP, 0.25 lg pBR322 plasmid DNA, 10 U topoisomerase II (human recombinant topoisomerase II, USB), and test compounds dissolved in DMSO (0.5 lL) were incubated for 60 min at 37°C. Reactions were stopped by adding 4 lL of stop buffer (5% SDS, 0.125% bromophenol blue and 25% glycerol) and 50 lg/mL proteinase K (Sigma) and incubating for a further 30 min at 37°C. The samples were separated by electrophoresis on 1% agarose gel containing ethidium bromide 0.5 lg/mL at room temperature in TBE buffer (0.09 M Tris-borate and 0.002 M EDTA).
Results and discussion
Chemistry
The preparation of secondary amines ArCH 2 NH(CH 2 ) 3 CH 3 was carried out starting from the corresponding aromatic aldehydes ArCHO and according to a well known procedure 13 reported in Scheme 1. Briefly, aromatic aldehydes were reacted with n-butylamine in refluxing ethanol, affording the corresponding imines, which were not isolated, but easily identified by IR spectroscopy, where C@O stretching disappeared and C@N stretching was observed. The following, smooth reduction of the intermediates by sodium borohydride was carried out in situ and, after the usual work-up and purification procedures, amines ArCH 2 NH(CH 2 ) 3 CH 3 1a-d were obtained in very good yields (Scheme 1). Their spectroscopic characterization (IR, 1 H and 13 C NMR) is reported in the experimental part and is in agreement with the expected structures.
As for the synthesis of platinum complexes, they were prepared by reacting the described secondary amines with cis- [ Table 2 ). The non equivalence of geminal hydrogen atoms was observed along the whole butyl chain, with Hd,d 0 and He,e 0 (Table 2) generating well separated sets of multiplets, despite their growing distance from the chiral center.
Antiproliferative activity
The antiproliferative activity of the new complexes 2a-d and 3 was evaluated on a panel of human tumor cell lines: HeLa (human cervix adenocarcinoma), H460 (large cell lung carcinoma), MSTO-211H (human biphasic mesothelioma), A2780 (human ovarian carcinoma) and A2780cis (human ovarian carcinoma cisplatinresistant). The cisplatin was taken as reference drug.
The results have been expressed as GI 50 values, i.e., the concentration of compound able to induce the death of 50% of the cells with respect to a control culture, and have been reported in Table 3 .
The obtained results indicate for all complexes belonging to the 2 series the ability to exert a significant antiproliferative effect towards all cell lines taken into consideration. In particular, 2a-d show in all cases GI 50 values lower than 20 lM and interestingly, 2a, characterized by the less bulky Ar residue, appears the most active. Otherwise, complex 3, which differs from 2a for the absence of the n-butyl residue and of the methylene spacer at the level of the secondary amine, shows a low cytotoxicity profile with GI 50 values detectable only on A2780 and A2780cis cell lines.
Taking into consideration the chemical structures of the novel 2a-c complexes, it is possible to observe an opposite relationship between cytotoxicity and the dimension of Ar residue in the secondary amines although the differences in GI 50 values are quite small. Indeed, the benzyl-substituted 2a exerts the highest cell effect, which decreases of about 1.7 and 2.6 times for the naphthyl (2b) and the anthracenyl derivative (2c), respectively. Otherwise, the pyrenyl derivative 2d shows an antiproliferative effect somewhat dependent on cell line.
The well-known drug cisplatin, taken as reference compound, is more cytotoxic than the new trans-platinum(II) complexes in all sensitive cell lines, showing GI 50 values low micromolar or submicromolar. Moreover, as expected, in A2780cis cells a decrease in cytotoxicity of about one order of magnitude with respect to the sensitive A2780 cells, is attained. In this connection, it is interesting to note that unlike cisplatin, 2a-d induce a comparable effect on both sensitive and resistant A2780cis cells. In particular, 2a exerts on resistant cells an antiproliferative effect significantly higher with respect to that induced by the drug, thus suggesting the involvement of cell pathways different from those of cisplatin.
Determination of apoptosis
To investigate the mechanism of cytotoxicity induced by 2a on A2780cis cells, flow cytometry analysis was performed in the presence of Annexin V-FITC and DNA-specific dye propidium iodide. The results are shown in Figure 1A as dot plots and the percentage data are reported as histograms in Figure 1B . By increasing the concentration of 2a a notable decrease in viable cells is obtained, accompanied by a concurrent increase in apoptotic (both early and late apoptosis) cells. Actually, the percentage of viable cells is reduced from 88.2% in the absence of complex (control) to 43.2% after incubation for 18 h in the presence of 2a at 25 lM. In the same experimental conditions, the percentage of apoptotic cells increases from 9.3% to 47.9%. Otherwise, the percentage of necrotic cells varies only scarcely, reaching a percentage of 8.9% at the maximum concentration of 2a taken into account. These results confirm the capacity of 2a to overcome the resistance of A2780cis, cisplatin-resistant ovarian cancer cells, and highlight its ability to induce the apoptotic pathway in a dose-dependent manner pointing to a different mechanism of action or to an additional molecular target with respect to cisplatin. On the basis of the above results, we investigated more in depth the biological effects of 2a and in particular, its ability to interact with some biomacromolecules.
Binding to DNA
It was already widely demonstrated that DNA constitutes the main target responsible for the antiproliferative activity of cisplatin. 15 Moreover, for some trans-diiodophosphine Pt(II) complexes the interaction with DNA was demonstrated and a correlation of such ability with cytotoxicity was also supposed. 16 In this connection, the capacity of the most active complex 2a to coordinate DNA was investigated by ICP-AES technique, in comparison with cisplatin (Fig. 2) . In detail, salmon testes DNA platination was determined for both 2a and the drug, at incubation time from 0 to 48 h. Furthermore, in each sample also the total amount of phosphorus was estimated, as internal standard for DNA content.
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The performed quantitative evaluation indicates for complex 2a an ability to bind to DNA clearly lower with respect to that obtained for cisplatin. In particular, after 48 h of incubation in the presence of the reference drug, about 700 ppb of Pt is bound to DNA, while for 2a, an amount of about 200 ppb is detected in the same experimental conditions. These results appear in agreement with the data reported in Table 3 , showing for the novel complex, GI 50 values higher than those of the drug in all sensitive cells taken into consideration, i.e., a lower antiproliferative activity. Then, for both 2a and cisplatin a similar mechanism of action, involving the platination of DNA, could be assumed. Nevertheless, due to the ability of 2a to exert a comparable cytotoxic effect on both A2780 and A2780cis cells, the involvement of further intracellular targets was hypothesized and investigated.
Effect on cell cycle distribution
Most anticancer drugs block the cell cycle in either the S or G 2 /M phase and also cisplatin inhibits cancer cell growth by arresting the cell cycle progression through these phases. 17, 18 In order to compare the effect of 2a with that of cisplatin, flow cytometric analysis was performed on A2780 cells, stained with PI and analyzed for DNA/cell content. The cells were incubated in the absence (control) or in the presence of different concentrations (from 1 to 15 lM) of cisplatin or 2a, and the results are shown in Figure 3A and B, respectively.
In detail, for the reference drug a dose-dependent arrest in S phase is highlighted (Fig. 3A) , as previously reported by some authors. 18 Otherwise, complex 2a induces a notable increase in subG 0 population (Fig. 3B) . Interestingly, the occurrence of a hypodiploid DNA peak can be retained indicative of apoptosis, 19 and it appears in accordance with the ability of 2a to induce apoptosis on cells.
Effect on topoisomerases
Topoisomerases are nuclear enzymes able to solve topological problems that arise during replication, transcription and chromosome segregation, as a consequence of the double-stranded helix nature of DNA. 20 Moreover, due to their catalytic activity, which introduces into DNA single (topoisomerase I) or double (topoisomerase II) strand breaks, a role of these enzymes in the resolution of intermediates that are found in recombinational repair, was also postulated. 21 Furthermore, it is to underline that a significant decrease in the rate of repair of cisplatin-induced DNA interstrand cross-links was demonstrated in human glioblastoma cells after exposure to novobiocin, a known topoisomerase II inhibitor. Moreover, an increase in topoisomerase I and II activity was detected in cisplatin-resistant ovarian cancer and murine leukemia cell line, respectively 23, 24 and interestingly, a number of topoisomerase inhibitors showed notably cytotoxicity on cisplatin-resistant cells. [25] [26] [27] Overall, these results suggest a role of topoisomerases in the occurrence of cisplatin resistance and, in this connection, the possible effect of 2a on catalytic activity of both topoisomerase I and II was evaluated (Fig. 4A and B,  respectively) . Figure 4A shows the effect of test complex on the relaxation of supercoiled plasmid DNA mediated by topoisomerase I. The supercoiled DNA (lane DNA) is relaxed by the enzyme into a series of topoisomers (lane topo I), characterized by lower electrophoretic mobility with respect to the supercoiled form. The complex 2a, tested at 5, 10 and 20 lM concentration, appears unable to affect the catalytic activity of topoisomerase I also at the higher concentration taken into consideration, as demonstrated by the occurrence of the same pattern of topoisomers as in the control (lane topo I). Similar experiments were also performed, by incubating topoisomerase II (lane topo II) in the presence of the same concentrations of 2a (Fig. 4B) . The obtained results show that 2a prevents the relaxation of DNA catalyzed by the enzyme and notably, the inhibition is complete already at 10 lM concentration, pointing out this complex as an effective inhibitor of topoisomerase II.
The structurally related 2b-d were also evaluated, in comparison with 2a, for the capacity to inhibit the relaxation activity of topoisomerase II and all test complexes showed a significant effect (Fig. 5) .
Some important clinically used antitumor anti-topoisomerase II agents, interfere with the enzyme activity by stabilizing a covalent intermediate, the cleavable complex, into a lethal damage for the cell. [28] [29] [30] These drugs are called topoisomerase II poisons and their mechanism of action and role in the anticancer activity has been widely discussed. 31 The occurrence of the cleavable complex can be highlighted experimentally by the enzyme-dependent formation of linear from supercoiled DNA. The ability of 2a to inhibit significantly the relaxation activity mediated by topoisomerase II prompted us to investigate if a poisoning effect could be demonstrated for this complex. Figure 6 shows the results of the cleavable complex assay performed with topoisomerase II in the presence of 50 and 100 lM concentrations of 2a. The m-AMSA, a well known topoisomerase II poison, 32 was taken as reference at 10 lM concentration. The supercoiled pBR322 DNA (lane DNA) was relaxed by the enzyme (lane topo II) and the addition of m-AMSA induces, as expected, the formation of linear DNA. Also complex 2a appears able to stabilize the cleavable complex, even if the amount corresponding to the linear DNA appears lower and detectable at higher concentrations with respect to that induced by the reference drug.
Conclusions
Platinum(II) complexes containing triphenylphosphine and N (butyl),N(arylmethyl)amino ligands were synthesized and studied. The evaluation of the cytotoxicity on a panel of human tumor cell lines showed the ability of the complexes to induce an interesting antiproliferative activity with GI 50 values in most cases in the low micromolar range. In particular, it is noteworthy the ability of the new complexes to exert a comparable cytotoxicity on both sensitive and resistant cell lines, with complex 2a as the most effective. The ability to overcome resistance prompted an investigation on the mechanism of action that revealed a different effect on cell cycle and, in particular, an interesting capacity to interfere with the catalytic activity of topoisomerase II. Based on the role played by this enzyme on the occurrence of resistance, it could be assumed that the inhibitory effect exerted by 2a-d could be responsible for overcoming the resistance.
Considering the results obtained in this study, it may be concluded that the new trans platinum(II) complexes could represent a model for the development of novel trans-Pt(II) based drugs able to exert an antiproliferative effect on cisplatin resistant cells. 
